1. The synthesis and secretion of glycerolipids by monolayer cultures of rat hepatocytes was measured by using radioactive choline, glycerol and fatty acids and by measuring the concentration of triacylglycerols in the cells. 2. The incorporation of glycerol into triacylglycerol and the accumulation of this lipid in hepatocytes showed little specificity for fatty acids, except for eicosapentaenoate, which stimulated least. Oleate was more effective at stimulating triacylglycerol secretion than were palmitate, stearate, arachidonate and eicosapentaenoate. 3. Linoleate, linolenate, arachidonate and eicosapentaenoate stimulated the incorporation of glycerol and choline into phosphatidylcholine that was secreted into the medium. By contrast, palmitate and stearate produced relatively high incorporations into the phosphatidylcholine that remained in the cells. 4. The incorporation of glycerol and choline into lysophosphatidylcholine-in the medium was stimulated 2-3-fold by all of the unsaturated fatty acids tested, whereas palmitate and stearate failed to stimulate if the acids were added separately. When 1 mM-stearate was added with 1 mM-linoleate, the incorporation of linoleate into lysophosphatidylcholine was about 4 times higher than that of stearate. 5. It is proposed that the secretion of lysophosphatidylcholine by the liver could provide a transport system for choline and essential unsaturated fatty acids to other organs.
INTRODUCTION
It has recently been reported that perfused livers [1] and rat hepatocytes in monolayer cultures [2] can synthesize lysophosphatidylcholine, which appears in the perfusion or incubation medium. For perfused livers this production was about twice as high as for phosphatidylcholine, whereas in the hepatocyte system it was about 7 times higher. The secretion of lysophosphatidylcholine appeared to be independent of the rate of VLDL secretion [2] . It was therefore concluded that the lysophosphatidylcholine was unlikely to have been produced via the hydrolysis of phosphatidylcholine that had previously been secreted [1, 2] . These publications indicate that the liver could be the source of much of the lysophosphatidylcholine that is found associated with albumin in the blood. This lipid is often the second most prevalent phospholipid in the plasma [3] , and its concentration remains relatively high even in patients suffering from a deficiency of lecithin: cholesterol acyltransferase [4] .
The physiological function of the lysophosphatidylcholine secretion is not certain, but this lipid can be readily taken up by tissues. It is then used for the synthesis of phosphatidylcholine or, in the case of nervous tissue, for the production of acetylcholine [5] [6] [7] [8] [9] . Consequently, lysophosphatidylcholine could provide an additional vehicle for transporting choline from the liver to other tissues.
Additionally, it could be a transport system for polyunsaturated fatty acids. This idea occurred to us since the lysophosphatidylcholine that appeared in the medium used to perfuse rat livers was predominantly unsaturated [1] . We therefore decided to make a systematic study of the fatty acid specificity for the secretion of lysophosphatidylcholine and to compare this with the fatty acid profiles of the phosphatidylcholine and triacylglycerol that remained in hepatocytes or which was secreted as VLDL [2] .
EXPERIMENTAL Animals and materials
The sources of the rats and most of the materials have been described [2, [10] [11] [12] [13] . Fatty acids, butylated hydroxytoluene and lysophosphatidylcholine were purchased from Sigma (London) Chemical Co. Radiochemicals were purchased from Amersham International. All fatty acids were kept under N2 in benzene solution (20,umol/ ml) to minimize oxidation. On addition. of fatty acids to the incubation medium, the appropriate volume of benzene solution was dried down with unlabelled fatty acid, and they were then taken up in 50 % molar excess of KOH at 37 'C. Preparation and incubation of hepatocytes Hepatocytes were prepared as previously described [12] and applied to 60 mm-diameter Corning tissue-culture dishes coated with collagen [14] . The hepatocytes were incubated for 1-2 h in a modified [13] Leibovitz L1 5 medium containing 10 % (v/v) newborn-calf serum. The cells were incubated in water-saturated air at 37 'C. After 1-2 h unattached and non-viable cells were removed with the medium. The monolayer of cells was then incubated in fresh modified Leibovitz medium containing 10 % serum for a further 6 h. They were then changed to serum-free conditions in modified Leibovitz medium containing 0.2% (w/v) fatty-acid-poor bovine serum albumin [13] for 14 h, followed by a 2 h incubation in fresh medium. The hepatocytes were then incubated in 3 ml of serum-free medium containing 0.5 mM-fatty-acidpoor bovine serum albumin and radiolabelled precursors. In all experiments the final concentration of choline chloride was 100 /,M and the final concentration of glycerol was 1 mm. In Fig. I [3H]glycerol (1.42 Ci/mol) and [methyl-'4C]choline chloride (3 Ci/mol) were used, whereas in Fig. 2 [methyl-3H]choline chloride (30 Ci/mol) and "4C-labelled fatty acids (1.0 Ci/mol) were added. The medium was collected after incubation for 8 h, which was a suitable time point, since previous work [2] showed it to be in the linear region of the secretion profile. The medium was centrifuged at 3000 rev./min for 15 min at room temperature in a bench centrifuge to remove detached cells and cell debris. The monolayer of cells was washed with 2 x 2.5 ml of cold modified Leibovitz medium which was serum-free, and then scraped from the dishes in 1 ml of ice-cold 0.25 Msucrose containing 0.5 mM-dithiothreitol and 10 mmHepes adjusted to pH 7.4 with KOH. The suspension was sonicated for 6 s at 22 kHz, with an amplitude of 8 ,cm peak-to-peak, to give cell homogenates. Cell homogenates and medium supernatant were stored at -20 'C under N2. Samples (0.5 ml) of medium and cell homogenate were taken for lipid analysis. Cell homogenates were assayed for lactate dehydrogenase activity [15] . Results are expressed relative to lactate dehydrogenase activity, which was used as an indicator of viable cells in preference to measuring DNA or protein [13] , since non-viable cells attached to the dishes could contribute to these latter values. Extraction and analysis of lipids Lipids required for radiochemical determinations were extracted by the method ofHajra [16] . Liver phospholipid extract (0.2-0.3 mg) was added to each extraction as a carrier. Extractions were performed in the presence of butylated hydroxytoluene (2,6-di-t-butyl-p-creosol) at a concentration of 0.05-0.1 % to solvents, and added at 0.05 % to t.l.c. solvents to prevent autoxidation of the polyunsaturated fatty acids. Solvents used were flushed with N2 to displace any dissolved 02 Butylated hydroxytoluene migrates with the solvent front in t.l.c. systems and so is easily removed [17] . The and eluted from the silica gel by adding 1 ml of water and 10 ml of Fisofluor scintillant (Fisons Scientific Apparatus, Loughborough, Leics., U.K.). Radioactivity was determined after 48 h and by correcting for counting efficiency by the external-standard method: recoveries of 3H and 14C were 95-100%. The identity of the lipids was confirmed by co-chromatography with standards. The radioactivity in lysophosphatidylcholine was further characterized by chromatography in two dimensions in the solvent system described by Arthur & Sheltawy [18] . Complete separation from sphingomyelin was achieved by a double development in one dimension with chloroform/acetone/methanol/ acetic acid/water (6:8:2:2: 1, by vol.). Lysophosphatidylcholine was identified by co-chromatography with a standard (containing primarily stearic acid and palmitic acid).
Triacylglycerol concentrations in the cells were determined after extraction by the method of Bligh & Dyer [19] . The chloroform bottom phase was washed three times with a top phase obtained by mixing 1 litre of chloroform, 1 litre of methanol and 900 ml of water in order to remove glycerol. Samples of the bottom phase were then evaporated to dryness with streams of N2, and 350 ,u of a 'Triglyceride GPO-PAP' Test Combination reagent (Boehringer, Mannheim, Germany) was added. After incubation and shaking for 10 min at room temp, 250 1il samples of the reagent were added to a 96-multiwell ELISA plate, and the absorbances were read at 492 nm. Triacylgycerol concentrations were determined by using standards prepared with trioleoylglycerol. This procedure was not successful at this stage with samples of the extracted medium, because of the much lower triacylglycerol concentrations and because of turbidity caused by the fatty acids, especially when saturated.
RESULTS

Fatty acid specificity for incorporation into secreted and cell lipids
The fatty acid specificities for the production of phosphatidylcholine, triacylglycerol and lysophosphatidylcholine in the medium and for the phosphatidylcholine and triacylglycerol remaining in the cells were investigated (Figs. la-le respectively). In these experiments and in Fig. 2 , results are expressed relative to the values that were obtained in the presence of 1 mm-18:2.
The absolute values for this condition are shown in Table 1 . (Fig. ld) by a-bout 16-fold in the two experiments, except for 20:5, which was only about half as effective as the others. In general, these incorporations were paralleled by the accumulation of triacylglycerol in the hepatocytes, although this value for 18:0 appeared to be lower than expected.
Lysophosphatidylcholine did not accumulate to any significant extent within the cells. The accumulation of phosphatidylcholine in the cells (Fig. le The results given in Fig. I demonstrate a specific stimulation of the synthesis of lysophosphatidylcholine by all unsaturated fatty acids tested, compared with that of phosphatidylcholine and triacylglycerol. However, these experiments were performed in a rather artificial situation, in which the hepatocytes were provided with only one species of exogenous fatty acids, which would be unlikely to occur in vivo. The experiments described in Fig. Z The triacylglycerol secreted into the medium (Fig. 2a ) was almost directly proportional to the original concentration of fatty acid. With the two fatty acids each at 1 mm, the total incorporation (Fig. 2a) of '4C into triacylglycerol was not significantly different from that when the fatty acids were presented separately at 2 mm (Fig. 2a) . Fig. 2(b) confirms the results in Fig. 1(b (Fig. 2c) (Fig. 2c) , unlike the situation for triacylglycerol and phosphatidylcholine (Figs. 2a and  2b) . The lysophosphatidylcholine therefore showed a marked preference for 18:2, and it competed successfully against 18:0. The incorporation of 18: 0 and 18:2 into triacylglycerol (Fig. 2d) within the cell was dependent on their concentrations, and was higher with 18: 2 than with 18: 0 in the two experiments. The total incorporation of both '4C-labelled acids when added together at 1 mm was similar to that obtained when 18:2 was added separately at 2 mm. The concentration of triacylglycerol in the hepatocytes was increased in both experiments by the presence of the fatty acids, particularly by 18:2. In general, the pattern of the triacylglycerol concentration was similar to that of the fatty acid incorporation (Fig. 2d) . 
DISCUSSION
The main objective of the present work was to determine the fatty acid specificity for the secretion of lysophosphatidylcholine by cultured hepatocytes. The incubation conditions were specifically modified for this purpose from those originally used by Mangiapane & Brindley [2] . The main change was the increased albumin concentration, which was similar to that found physiologically. This stimulated the appearance oflysophosphatidylcholine in the medium (results not shown), and also enabled us to use relatively high concentrations of fatty acids without damaging the cells. The secretion of lysophosphatidylcholine was monitored by measuring the incorporations of radioactive glycerol, choline and fatty acids.
The incorporation of glycerol and choline into lysophosphatidylcholine in the medium was stimulated 2-3-fold by all of the unsaturated fatty acids tested. By contrast, 16:0 and 18:0 failed to stimulate the incorporations above that obtained in the absence of exogenous fatty acid (Fig. lc) . This stimulation of lysophosphatidylcholine secretion by unsaturated fatty acids appears to be related to their preferential incorporation into this lipid. Fig. 2(c) shows that the incorporation of 18:2 into lysophosphatidylcholine was about 4 times that for 18: 0 when these acids were added separately. When added together, there was mutual antagonism, but the preference for 18:2 was maintained. These results are compatible with those of Sekas et al. [1] , who demonstrated that the lysophosphatidylcholine that was secreted by perfused livers contained predominantly polyunsaturated fatty acids. We do not yet know whether the saturated and unsaturated acids are preferentially found in the 1-or the 2-position of lysophosphatidylcholine when they initially appear in the medium.
The unsaturated fatty acids, particularly 18:2, 18:3, 20:4 and 20:5, also stimulated the incorporation of glycerol and choline into the phosphatidylcholine that was secreted into the medium when the acids were added separately (Fig. Ib) . Although the addition of 1 mm-18:0 appeared to decrease the incorporation of I mm-18:2, the total incorporation of fatty acids and choline was not significantly different from when 2 mm-18:0 was added (Fig. 2b) . This is not surprising, since phosphatidylcholine would be expected to contain both saturated and unsaturated fatty acids. The effects of fatty acids on the incorporation of glycerol and choline into phosphatidylcholine that remained in the cells was different from that in the medium since 16:0 and 18:0 produced relatively large incorporations in the former case (Figs. l b and ld) . There was also a relatively high incorporation of choline into phosphatidylcholine in the cells when both 1 mM-18:0 and 1 mM-18:2 were added together (Fig. 2d) . Vance and co-workers [20] showed a slightly different pattern of choline incorporation into phosphatidylcholine in hepatocytes during a 2 h chase: 18: 1 seemed to be slightly better at stimulating this incorporation than 16:0, but the experimental conditions, including the time of incubation, were different from those in the present work.
The relatively high concentrations of 18:2 in secreted phosphatidylcholine are also illustrated in Table 1 , where the mean molar ratio of 18:2 to choline was 7.5:1, compared with 4.6:1 in the cells for two experiments. Both of these values are considerably higher than the theoretical value of 2: 1, but this can be explained by the dilution of both substrates in their respective precursor pools and the fact that the methylation of phosphatidylethanolamine is a significant source of phosphatidylcholine for secretion from hepatocytes [21] [22] [23] [24] . It is also known that specific pools of phosphatidylcholine, and perhaps of lysophosphatidylcholine, are selectively secreted by hepatocytes [22] .
The incorporation of glycerol into triacylglycerol and its accumulation in the cells exhibited little specificity for the fatty acids, except for 20:5, which stimulated the incorporation of glycerol to only about 50 % that obtained with the other acids (Fig. ld) . When 1 mm-18:0 and 1 mm-18:2 were added together, there was a preferential incorporation of 18:2 by a factor of about 2:1 compared with 18:0. However, the total incorporation of fatty acid was similar to that seen with 2 mM-18:2 (Fig. 2e) (Fig. la) , even though these acids produced relatively high increases in glycerol incorporations into triacylglycerol within the cells (Fig.  ld) . Davis & Boogaerts [25] also demonstrated that 18:2 and 18:3 were relatively well incorporated into secreted triacylglycerol. However, there appeared to be little specificity for the secretion of 18:0 and 18:2 in triacylglycerol when these acids were added together each at a concentration of 1 mm (Fig. 2a) .
1988
A relative lack ofspecificity for triacylglycerol synthesis with the o-6 series of fatty acids was also observed by Chambaz et al. [26] . This agrees with results obtained by Lamb et al. [27] for 16:0, 16:1 and 18:1 in primary cultures of rat hepatocytes, although they showed that 18:0 was ineffective in stimulating triacylglycerol. Contradictory results have also been reported where the rate of triacylglycerol synthesis is higher [28] , or lower [25] , or the same [29] , with saturated rather than unsaturated fatty acids. 20: 5 appeared to be particularly effective in decreasing the rates of both triacylglycerol synthesis and secretion (Figs. la and Id), and this result agrees with the work of Wong et al. [30] . This decrease in triacylglycerol synthesis probably explains why fish oils which are rich in the c)-3 series of fatty acids decrease the concentration of very-low-density lipoproteins in the blood [31] [32] [33] [34] [35] [36] [37] [38] . It should also be noted that the w -6 fatty acid, 20: 4, was also relatively poor in stimulating the secretion of triacylglycerol (Fig. la) . However, 20: 4 did stimulate the accumulation of triacylglycerol with the cell (Fig. ld) . By contrast, 20:4 and 20:5 were among the most effective fatty acids in stimulating the secretion of phosphatidylcholine and lysophosphatidylcholine.
The present work demonstrates that the secretion of lysophosphatidylcholine from hepatocytes is preferentially stimulated by unsaturated fatty acids. Furthermore, these acids are incorporated into the lysophosphatidylcholine ( [2] ; Figs. Ic and 2c). Lysophosphatidylcholine is readily taken up and metabolized by a variety of extrahepatic tissues. Consequently, the secretion of this lipid by the liver could provide a route of transport of both choline and unsaturated fatty acids. This transport could be particularly important for supplying extrahepatic tissues with essential fatty acids.
